The cavity ringdown (CRD) absorption spectrum of 2-cyclohexen-1-one (2CHO) was recorded over the range 401.5-410.5 nm in a room-temperature gas cell. The very weak band system (ϵ ≤ 0.1 M −1 cm −1 ) in this spectral region is due to the T 1 (n, π*) ← S 0 electronic transition. The 0 0 0 origin band was assigned to the feature observed at 24,558.8 ±0.3 cm −1 . We have assigned 46
INTRODUCTION
Conjugated enone molecules undergo a variety of light-initiated reactions, including photocycloaddition and several types of photochemical rearrangement [1] . Such reactions are typically mediated by enone excited states having triplet spin multiplicity. Computational investigations [2] [3] [4] [5] [6] [7] [8] [9] [10] have focused on the participation of cyclic enones, especially 2-cyclohexen-1-one (2CHO, Fig. 1 ) [3, 6, 7, 9] , and its substituted derivatives [4, 8] in these processes.
To support computational work of this kind, it is desirable to have experimental benchmark data on the triplet enone species. Motivated by this goal, we have recorded the vibronically resolved cavity ringdown (CRD) absorption spectrum of 2CHO in the region of its T 1 (n, π * ) ← S 0 transition, from 400.5 nm to 410.5 nm. As an aid in interpreting the spectral patterns, we have also recorded the CRD spectrum of the deuterated derivative 2-cyclohexen-1-one-2,6,6-d 3 (2CHO-d 3 , Fig. 1 ). In this paper we present a vibronic analysis of the spectra and report fundamental frequencies for the lowest-energy vibrational modes in the T 1 (n, π * ) state of 2CHO and 2CHO-d 3 .
We chose the CRD technique to investigate the T 1 (n, π * ) ← S 0 band system of 2CHO because the very high sensitivity of CRD detection is well matched to the demands of recording spin-forbidden singlet-triplet transitions [11, 12] . An alternative for measuring such transitions is phosphorescence excitation, which we used previously to study the T 1 (n, π * ) ← S 0 band system of 2-cyclopenten-1-one (2CPO) [13] . However for 2CHO, the phosphorescence quantum yield for T 1 excitation is nearly zero, as is the fluorescence quantum yield for S 1 excitation. Computational studies of enone excited states attribute the low quantum yield to very rapid nonradiative processes that populate high vibrational levels of the S 0 ground state [2, 6] . This photophysical behavior is characteristic of skeletally flexible enones, including the prototype acrolein molecule (CH 2 =CH-CH=O), as well as monocyclic enones with six or greater ring atoms [6, 14] .
For CRD studies of 2CHO we used a 75-cm static cell at room temperature. This arrangement provides a sufficiently long absorption path to detect the very weak T 1 (n, π * ) ← S 0 bands in 2CHO and 2CHO-d 3 with reasonable signal-to-noise ratio, on the order of 100-200. The pathlength requirement precludes investigation under jet-cooled conditions with a simple pinhole source. Therefore in the present work we needed to contend with spectral congestion due to vibronic hot bands (v ′′ > 0) at room temperature. However, the hot bands also provided a benefit: we have used combination differences involving observed hot bands, along with known ground-state vibrational intervals for both 2CHO [15] [16] [17] and 2CHO-d 3 [17] , to aid in the assignment of the T 1 (n, π * ) ← S 0 origin bands as well as other vibronic origins of the type X 1 0 . The latter provide fundamental frequencies for several T 1 vibrational modes.
The ground electronic state (S 0 ) of 2CHO has been characterized previously via microwave spectroscopy [18] as well as computational studies [17, 19, 20] using density functional theory (DFT). These investigations show that the 2CHO molecule has a half-chair equilibrium geometry in its ground state, with all heavy atoms except C-5 nearly coplanar.
The C-5 atom lies approximately 0.4Å above the plane of the other atoms, according to DFT calculations [19] . Previous Raman [15] and far-infrared [16] investigations analyzed the vibrational band structure of the lowest frequency modes, ν 39 and ν 38 , in the S 0 state of 2CHO. These studies focused on determining the barrier to inversion of C-5 through the molecular plane, although the Raman and far-infrared investigations led the respective authors to different conclusions about whether the inversion descriptor applies to ν 39 or ν 38 .
In collaboration with Laane et al., we reported CRD spectra of 2CHO and 2CHO-d 3 near 385 nm, in the region of the S 1 (n, π * ) ← S 0 band system [20] . We presented a vibronic analysis of these spectra, providing fundamental frequencies for the four lowestenergy vibrations in the S 1 state. We also assumed ν 39 corresponds to inversion and fit onedimensional inversion potentials for S 0 and S 1 , based on ν ′′ 39 and ν ′ 39 progressions observed in the spectra.
In the present paper we compare the S 1 fundamental frequencies determined previously [20] with the corresponding T 1 frequencies we report now. These comparisons again raise questions about the appropriate mode descriptions for ν 39 and ν 38 . To address these questions we have conducted a computational study of the S 1 and T 1 states. We report here the computed equilibrium geometries and fundamental vibrational frequencies of CHO in the two excited states. As we will discuss, this computational investigation clarifies the ν 38 and ν 39 mode descriptions and allows us to rationalize observed differences between ν 39 fundamental frequencies in the two excited states.
We employed several different excited-state computational techniques in this work, including time-dependent density functional theory (TDDFT), unrestricted density func-tional theory (UDFT), and equation-of-motion electronic excitation coupled-cluster singles doubles (EOM-EE-CCSD). We used experimental vibrational frequency data from the [20] CRD spectra to benchmark these computational methods. In turn, the computational results have provided insights about the multiconfigurational quality of the T 1 (n, π * ) and S 1 (n, π * ) excited states.
EXPERIMENTAL AND COMPUTATIONAL DETAILS Experiment
The light source for the CRD spectroscopy system is a pulsed dye laser (Sirah Cobra) operated using Exalite 404 or Exalite 411 dye (Exciton) and pumped by the third harmonic of a Nd:YAG laser (Continuum Surelite II) running at 10 Hz. The dye-laser output (2-5 mJ/pulse) is sent through a Keplerian telescope to reduce its beam diameter to approximately 2 mm. The laser beam is then directed into the sample cell, a stainless-steel tube of length 0.75 m, which is vacuum-sealed on the ends by adjustable high-reflectivity mirrors (Layertec, quoted R > 0.9998).
The ringdown decay transient is detected by a photomultiplier module (Hamamatsu H6780) located just outside the exit mirror. The photomultiplier output is sent through a 100-ohm terminator to a fast A/D card (Measurement Computing PCI-DAS4020) installed in a PC. The card samples the input CRD signal at a rate of 20 Ms/sec. The digitized transient is fit to a monoexponential decay function (including baseline offset) using a Lab-VIEW program. At a given laser wavelength, the fitted decay rate constants (k) from 10-20 successive laser pulses are averaged and stored. To produce a CRD spectrum, the decay constant of the evacuated sample cell, k empty , is subtracted from the average k value at a
given wavelength with the sample present, and the resulting ∆k sample is converted to fractional photon loss per pass (f ), via the expression f = (∆k sample )L/c [11] , where L is the cell length, and c is the speed of light.
For the present experiment, the cell was evacuated to a pressure of < 1 mTorr using a diffusion pump. Then, following several freeze-pump-thaw cycles, the vapor in equilibrium with a sample of liquid 2CHO was introduced into the cell at room temperature until the vapor reached its maximum pressure of 1.6 Torr.
The sample of 2CHO-d 3 was prepared as described previously [20] . Analysis of the liquid product by NMR and of its vapor by FTIR indicated that it contained approximately 85% of the desired 2CHO-2,6,6 trideuterated product, with the remainder 2CHO-6,6-d 2 . After recording CRD spectra of the nondeuterated sample, and before commencing the CRD studies of 2CHO-d 3 , the cell was passivated by rinsing many times with the deuterated sample vapor.
Computational methods
To investigate the T 1 (n, π * ) and S 1 (n, π * ) states of 2CHO, we employed computational methods based on ab initio theory or DFT and developed explicitly for treating excited states. For the T 1 (n, π * ) state we also used UDFT, which is a ground-state method but is appropriate for the T 1 (n, π * ) state of 2CHO because this state has the lowest energy of its its spin multiplicity at a geometry corresponding to the Franck-Condon active region of the spectrum [21] . Each calculation involved geometry optimization followed by a normal-modes analysis and determination of harmonic vibrational frequencies.
The ab initio (wavefunction-based) technique we used was EOM-EE-CCSD, which applies an equation-of-motion (EOM) approach to calculate electronic excited-state (EE) properties and incorporates high-level coupled-cluster singles doubles excitations (CCSD) to treat dynamic electron correlation [22] . EOM-EE-CCSD calculations were done using the CC-MAN module of the Q-Chem 4.0.0.1 package [23] and employed the cc-pVDZ or 6-31G* basis set. We used the WebMO program [24] as a graphical interface for submission of certain jobs to Q-Chem.
DFT methods included TDDFT for both the S 1 (n, π * ) and T 1 (n, π * ) states and UDFT for the T 1 (n, π * ) state. For the TDDFT calculations we used the Becke three-parameter LeeYang-Parr (B3LYP) hybrid functional [25] [26] [27] with the cc-pVTZ or 6-311+G** basis set in Q-Chem 4.0.0.1. For the UDFT calculations we used either the B3LYP or the PerdewBurke-Ernzerhof (PBE0) hybrid functional [28] with the TZ2P basis set in the ADF2013 software package [29] .
We chose TDDFT in particular to compute the barrier to ring inversion for the T 1 (n, π * ) and S 1 (n, π * ) states. We ran these calculations to complement a previous DFT investigation [20] of the S 0 ground state. Here we define the inversion barrier as the energy difference between the equilibrium geometry of 2CHO, which has C 1 symmetry, and the structure optimized under the constraint of C s symmetry, in which all the heavy atoms are coplanar. 2) In the 2CHO spectrum, the assigned T 1 (n, π * ) ← S 0 origin band is located 1523 cm −1 below that of the S 1 (n, π * ) ← S 0 transition [20] . This S 1 − T 1 energy gap is comparable to those of other small α, β-unsaturated carbonyl compounds having the same chromophore, including acrolein (with a singlet-triplet gap of 1615 cm −1 [30, 31] ) and 2CPO (gap of 1256 cm −1 [13, 32] Tables I and II and Fig. 3 ). These assignments are based on combination differences with the presumed 0 0 0 band in each spectrum, compared with ground-state ν 39 spacings obtained from near-infrared [16] and Raman [15] spectra of 2CHO. In the T 1 (n, π * ) ← S 0 spectrum of each isotopomer, the 39 0 1 and 39 0 2 band positions, relative to the assigned origin, agree with the corresponding band positions in the S 1 (n, π * ) ← S 0 spectrum [20] to within 1 cm −1 .
RESULTS

Assignment of origin bands
Vibronic analysis
In the spectrum of undeuterated 2CHO (Fig. 4) , the pattern of peaks starting at the 0 0 0 band and continuing up to about +20 cm −1 with respect to the origin is repeated nearly identically, beginning with a prominent peak at +99.6 cm −1 . An analogous set of repeated peaks occurs in the 2CHO-d 3 spectrum (Fig. 4) , beginning with the feature at +94.5 cm −1 .
These observations suggest that the peak at the start of the repetition in each case is a vibronic origin, specifically the 39 the S 1 (n, π * ) ← S 0 spectrum [20] .
Given the prominent role of ν 39 in contributing to the spectral patterns, a detailed description of this mode is desirable and has motivated portions of the computational investigation discussed later. In brief, we have determined that ν 39 corresponds to a ring twisting motion roughly analogous to the C=C-C=O torsion mode in acrolein, the lowest-frequency vibration in that molecule. From assignments in the present [20] .
Presuming the T 1 (n, π * ) state is structurally more similar to S 1 (n, π * ) than to S 0 , the comparisons above raise doubt about the band assigned to 39
trum. An alternative is to assign this band as 0 0 0 , with the band currently identified as the origin reassigned to 39 0 1 . However, several factors argue against this interpretation and support the original assignments shown in Tables I and II Tables I  and II) . Third, we observe no progression with intervals close to 120 cm −1 (2CHO) or 115
in the spectra, whereas such progressions would be expected if the ν
potentials were very similar in the T 1 (n, π * ) and S 1 (n, π * ) states.
Moreover, the intensity patterns we observe in the T 1 (n, π * ) ← S 0 spectra are consistent with a ν ′ 39 potential that is not signficantly different from that of the ground state: the features we assign to 39 We have characterized other ring vibrations besides ν 39 in the T 1 (n, π * ) state of 2CHO.
The wavenumber region above +200 cm
5, is expected to contain the 38 1 0 and 37 1 0 bands, given ν 38 and ν 37 fundamentals of 252 cm −1 and 303 cm −1 , respectively [20] , for the S 1 (n, π * ) state of the undeuterated species.
Our computational results indicate that ν 38 is a ring-bending mode; a detailed description is presented in a later section. Prior spectroscopic investigations, as well as our present computational results, reflect agreement that ν 37 corresponds to a ring vibration with a substantial contribution from C=C twisting.
The region of the T 1 (n, π * ) ← S 0 spectrum containing the ν ′ 37 and ν ′ 38 fundamentals shows moderate vibronic congestion, due partly to hot bands associated with the S 1 (n, π * ) ← S 0 system. These bands correspond to spin-allowed transitions, but their intensities in this region are dramatically attenuated, to levels on par with those of bands of the T 1 (n, π * ) ← S 0 system. To narrow the choices further, we only considered peaks having counterparts at lower wavenumber that could be assigned to the 38 1 1 and 37
sequences. This process led us to assign the intense peak at +262.1 cm −1 to 38 1 0 and a weaker feature at +215.5 cm −1 to 37 1 0 . Table I lists these assignments along with the hot bands identified as the 38 [15] and 304.1 cm −1 [16] , respectively) for the two modes. As seen in Table I Table II ). Isotope shifts for 38 1 0 and 37 1 0 are similar in magnitude to those seen in the S 1 (n, π * ) ← S 0 spectra [20] .
According to our assignment of the 2CHO spectrum, the ν 37 fundamental in the
As discussed above, the same appears to be true for ν 39 , a ring-twisting mode similar to ν 37 .
Both of these vibrations involve torsional motion within the conjugated O=C-C=C moiety or immediately adjacent carbon atoms. Differences in the T 1 (n, π * ) vs. S 1 (n, π * ) frequencies for these modes suggest that the chromophore delocalization is qualitatively different in the T 1 (n, π * ) state compared to the S 1 (n, π * ) state. Later we present a more detailed discussion of these observations in the context of our computed results.
Unlike the ν 37 and ν 39 ring-twisting vibrations, the ν 38 mode corresponds to bending of the ring and less directly involves the atoms of the chromophore. And in contrast to our findings for the ring-twisting modes, the ν 38 fundamental in the
is close to that of the S 1 (n, π * ) state (251.9 cm −1 ) [20] . We also note a potential alternative assignment for the 38 1 0 transition, the peak at +253.3 cm
that would make the T 1 (n, π * ) and S 1 (n, π * ) values even closer. This point is worthy of the following commentary because the ν 38 fundamental frequency is related to size of the inversion barrier of the C-5 atom, a quantity subject to much previous [15, 16, 20] discussion.
Fig . 5 shows the peaks at +253. the T 1 (n, π * ) ← S 0 spectrum of 2CHO (Fig. 5) , which we assign to the 34 1 0 transition. The ν 34 vibrational mode in 2CHO corresponds to wagging of the C=O group within the plane established by the C-6, C-1, and C-2 atoms. In the ground state of 2CHO, this mode has a fundamental frequency of 485 cm −1 [17] , and this drops significantly, to 343.9 cm −1 [17] , upon excitation to the S 1 (n, π * ) state [34] .
Because the carbonyl moiety involved in the ν 34 vibration is part of the chromophore for
, the large change in fundamental frequency is to be expected, along with a potentially long Franck-Condon progression involving this mode.
In the T 1 (n, π * ) ← S 0 spectrum, observation of other members of the progression, beyond 
Computational results
Table III lists computed T 1 (n, π * ) and S 1 (n, π * ) harmonic frequencies for the modes we assigned in the present T 1 (n, π * ) ← S 0 CRD spectrum. Calculated frequencies for all 39 vibrational modes in the T 1 (n, π * ) and S 1 (n, π * ) states, along with equilibrium geometries, are available as supplementary material [37] . Table IV lists computed inversion barriers for the two excited states.
DISCUSSION
Mode descriptions for low-frequency ring vibrations
A primary finding of this work is that the lowest vibrational mode, ν 39 , has nearly the same fundamental frequency in the T 1 (n, π * ) excited state of 2CHO as in the S 0 state. By contrast, the ν 39 frequency increases by more than 20% upon excitation from the S 0 state to S 1 (n, π * ).
In previous literature on 2CHO [15-17, 19, 20] , ν 39 has most often [16, 17, 19, 20] been understood as a ring-inversion motion that interconverts the two equivalent half-chair conformations of the molecule. Viewed schematically, such motion is governed by a double-well potential with a barrier at a C s geometry in which all heavy atoms are coplanar. At low levels of vibrational excitation, the ring-inversion mode in 2CHO is essentially the motion of C-5 toward and away from the plane containing the other heavy atoms [20] . The barrier exists at a C s geometry because of angle strain in a planar six-membered ring, along with torsional strain engendered by the eclipsed methylene hydrogens.
Under the prevailing assumption that ν 39 corresponds to ring inversion, the increase in its fundamental frequency from 99 cm −1 in the S 0 state [16, 17] to 122 cm −1 in S 1 (n, π * ) [20] suggests that the inner walls of the double-well potential become steeper upon excitation, indicative of a higher barrier in the S 1 (n, π * ) state than the ground state. This could be attributed to hyperconjugation, which would extend the effects of the excitation to atoms beyond the nominal O=C-C=C chromophore; details of this argument are presented in the next section. However, this line of reasoning raises the question of why the ν 39 fundamental does not increase upon T 1 (n, π * ) ← S 0 excitation, considering that both S 1 and T 1 excitations involve the same nominal change in electron configuration and only differ by a spin flip.
This question motivated the computational investigations reported herein. Our objectives were to: 1) use the present spectroscopic results on the T 1 (n, π * ) state to assess the accuracy of harmonic frequency calculations from several different methods; and 2) examine the details of the most reliable calculations, considering equilibrium geometries, force constants, and reduced masses, to understand the origin of differences between T 1 (n, π * ) vs. S 1 (n, π * ) ring frequencies (particularly ν 39 ) and to explain how these differences bear on the inversion potentials. Table III shows that, among the computational methods considered here, the EOM-EE-CCSD technique affords the best overall agreement between calculated ring harmonic frequencies (ν 39 , ν 38 , and ν 37 ) and spectroscopically observed fundamentals for the T 1 (n, π * ) state. Later we discuss possible reasons for the superior performance of the EOM-EE-CCSD in this application.
One aspect of the EOM-EE-CCSD calculations, depicted in show unambiguously that this mode, rather than ν 39 , corresponds to ring inversion at large amplitude [38] .
To investigate the generality of these findings, we have also calculated the normal modes for the S 1 (n, π * ) state using EOM-EE-CCSD. The resulting harmonic frequencies, listed in Table III , agree very well with spectroscopically determined fundamentals, indicating that the accuracy of the S 1 (n, π * ) calculation is on par with that of the T 1 (n, π * ) state. We find that the atomic force vectors calculated for ν 39 and ν 38 of S 1 are nearly identical to their counterparts in T 1 .
Considering our identification of ν 38 as ring inversion, and given the closeness of ν 38 fundamentals determined from the T 1 (n, π * ) ← S 0 and S 1 (n, π * ) ← S 0 CRD spectra (see Table   III ), we conclude that the inversion potentials for the T 1 and S 1 states are similar. This corrects our initial impression, based on observed ν 39 fundamentals, that the T 1 (n, π * ) inversion potential is very similar to that of the ground state and that the T 1 (n, π * ) barrier is significantly lower than that of S 1 (n, π * ).
By the same token, in recognizing ν 39 as a ring-twisting motion that more directly involves the chromophore than does inversion, we can rationalize the relatively large percentage difference between the ν 39 fundamentals in T 1 vs. S 1 . Fig. 6 shows that ν 39 involves O=C-C=C torsion, and therefore subtle differences in T 1 vs. S 1 electron density at the C(1)-C(2) bond could affect the shape of the ν 39 potential. The EOM-EE-CCSD normal-modes analysis bears this out; the calculated ν 39 force constant is 0.019 mdyn/Å for T 1 and 0.024 mdyn/Å for S 1 . Moreover, the atomic force vectors in Fig. 6 imply that the ν 39 reduced mass depends sensitively on the equilibrium geometry at the carbonyl moiety, and in particular on the O=C-C=C dihedral angle. According to the EOM-EE-CCSD/cc-pVDZ calculation of the T 1 state, the dihedral angle (170. affected by the carbonyl geometry, as this mode mainly involves motion of C-5 rather than the oxygen atom.) Thus for ν 39 , the calculated magnitudes of both reduced mass and force constant in the T 1 (n, π * ) state make its harmonic frequency lower than in the S 1 (n, π * ) state, which is consistent with spectroscopic observation. In these ways the fundamental frequency of ν 39 could be very sensitive to the spin flip from S 1 (n, π * ) to T 1 (n, π * ). Table IV shows the results of DFT-based calculations of the barriers to ring inversion in the S 0 , S 1 (n, π * ), and T 1 (n, π * ) states. We are using DFT results for comparing the inversion barriers because a DFT-calculated barrier for S 0 is available from previous work [20] , and the ν 38 harmonic frequency calculated by DFT [17] is in very good agreement with the fundamental frequency obtained from the Raman spectrum [15] . We expect TDDFT to provide accurate inversion barriers for the excited states because of similarly favorable comparisons between calculated ν 38 frequencies and those observed specroscopically in this and previous [20] work.
Computed inversion barriers
As seen in Table IV , the calculated barriers for the two (n, π * ) excited states are nearly the same and slightly greater than that of the ground state. This finding can be rationalized by considering hyperconjugation occurring in an (n, π * ) excited state of 2CHO. The interaction involves overlap of the half-filled nonbonding oxygen orbital with a C-H σ orbtital at the C-6 atom. The hyperconjugation lowers the energy of the filled σ orbital but requires an equatorially disposed C-H bond for optimal orbital overlap; therefore it preferentially stabilizes the half-chair equilibrium conformation over the C s structure, in effect raising the barrier to inversion. The hyperconjugation cannot confer its stabilizing effect in the ground state because the nonbonding oxygen orbital is filled. These arguments predict a greater inversion barrier in the (n, π * ) excited states state than in the ground state, consistent with the observed increase in ν 38 fundamental frequencies upon n → π * excitation.
These frequency increases are relatively small, just a few percent, and are commensurate with an effect as subtle as hyperconjugation. This interpretation of the spectroscopic results corrects an earlier analysis [20] of the S 1 (n, π * ) ← S 0 vibronic data, in which an inversion barrier was erroneously fit to observed energy levels for ν ′ 39 rather than the inversion mode, ν ′ 38 . That analysis resulted in an S 1 (n, π * ) barrier much higher than that of the ground state (on the order of 1000 cm −1 too high), which reflects the large percentage increase in the ν 39 fundamental frequency upon S 1 (n, π * ) ← S 0 excitation.
Complementarity of experimental and computational findings
The present spectroscopic results on the T 1 (n, π * ) state, along with those obtained previously for S 1 (n, π * ) [20] , provide benchmarks for evaluating several excited-state computational techniques. As noted above and seen in Table III, harmonic frequencies predicted by the EOM-EE-CCSD method for T 1 (n, π * ) show better overall agreement with observed fundamentals than do the TDDFT or UDFT calculations, particularly with respect to the ring-twisting modes ν 39 and ν 37 . The superior performance of EOM-EE-CCSD is not unexpected, in light of its computational expense in comparison to the other two methods.
Nonetheless, the TDDFT calculation of S 1 (n, π * ) harmonic frequencies is about as accurate as the EOM-EE-CCSD calculation. Also the TDDFT description of the ring inversion motion appears to be correct for both T 1 (n, π * ) and S 1 (n, π * ) states, given the close agreement (10 cm −1 , or 4%) between computed and experimental ν 38 frequencies in each case.
These observations suggest that the TDDFT technique can adequately treat the general rearrangement of electron density following n → π * excitation, but that the T 1 (n, π * ) state of 2CHO possesses some kind of pathology, manifested in the ring-twisting modes, that is beyond the scope of TDDFT to address.
One possibility is that configuration interaction causes the lowest 3 (n, π * ) state in 2CHO
to be substantially admixed with a state in the triplet manifold having a different configuration. The EOM-EE-CCSD method is capable of treating such multiconfigurational states, so in principle the EOM-EE-CCSD technique could (more accurately than TDDFT) predict vibrational frequencies for modes affected by the configuration mixing.
We investigated this premise by examining EOM transition amplitudes for T 1 ← S 0 excitation. As indicated in Fig. 7 , the 3 (n, π * ) configuration makes the leading contribution to the T 1 state, but π → π * excitation has significant transition amplitude as well, so that the character of the T 1 eigenstate reflects both 3 (n, π * ) and 3 (π, π * ) orbital occupancies. The transition amplitudes for the S 1 state do not indicate a similar extent of contamination from configurations other than 1 (n, π * ).
A (π, π * ) contribution to the T 1 wavefunction can help to explain the dramatic lowering of the ν 37 fundamental frequency upon T 1 ← S 0 excitation, observed spectroscopically and predicted by the EOM-EE-CCSD T 1 calculation (Table III) . As shown in Fig. 7 , the π → π * electron promotion decreases the C(2)=C(3) electron density because the π * antibonding orbital has a node at this location, but also because the vacated π bonding orbital has a buildup of electron density at the same place. These changes drop the nominal C(2)=C (3) bond order from 2 to 1 and could thereby contribute to the significant decrease in ν 37 (C=C twist) fundamental frequency.
By contrast, the S 1 (n, π * ) state lacks (π, π * ) contamination, according to the EOM-EE-CCSD calculation. The n → π * promotion reduces the C(2)=C(3) bond order due to occupancy of π * , but the effect is not enhanced, as in the case of T 1 ← S 0 excitation, by vacancy of the π bonding orbital. Prior CRD studies [20] show that the ν 37 fundamental frequency is essentially unchanged upon S 1 (n, π * ) ← S 0 excitation. Though this is surprising given the n → π * promotion, the contrast between the S 1 and T 1 frequencies (303 cm −1 and 216 cm −1 , respectively) certainly underscores the potential influence of the (π, π * ) configuration on the T 1 (n, π * ) state.
CONCLUSIONS
The 2CHO molecule has several characteristics that make it ideal for testing excited-state computational methods: (1) 2CHO serves as a prototype for understanding and predicting the photochemistry of conjugated enones; (2) it is important to determine the level of accuracy of "black-box" methods such as TDDFT for treating molecules the size of 2CHO, because more specialized highly correlated methods (such as CASPT2 [39]) are computa-tionally too expensive; (3) the equilibrium geometry of 2CHO is subject to the interplay among several structural influences, including torsional and angle strain, conjugation, and hyperconjugation, that can vary considerably depending on the electronic state; (4) the oxygen heteroatom gives rise to several excited-state configurations close in energy, and the multiconfigurational character of the overall state function depends subtly on spin multiplicity.
In this paper we have used results from CRD spectroscopy to benchmark several computational treatments of 2CHO in its T 1 and S 1 excited states, each nominally of (n, π * )
configuration. The spectroscopic results show that the ring vibrational frequencies in the T 1 (n, π * ) and S 1 (n, π * ) states can be significantly different, but we find that the economical TDDFT method is unable to reproduce these differences for certain vibrational modes. The EOM-EE-CCSD technique is successful in this regard, presumably because it has the ability to treat muliconfigurational states using a single-reference formalism; this avoids the heavy computational cost of multireference methods such as CASPT2 or MRCI [40] .
Finally this work has demonstrated how experimental and computational approaches have worked synergistically to help characterize 2CHO in its ground and low-lying excited states.
The present CRD data on the T 1 (n, π * ) state helped to benchmark several computational techniques; the spectroscopic results also also pointed out a problem with vibrational mode descriptions in the previous literature by revealing a significant but unexpected difference in the T 1 vs. [35] To explain the discrepancy, we note that the band locations reported in the spectroscopic data sets correspond to band maxima rather than rotationless band origins. Differences in rotational contour among the various kinds of spectra could affect the prediction of CRD bands based on Raman or near-infrared data.
[36] In Ref. [17] , the ν 36 vibration of 2CHO-d 3 , with a fundamental frequency of 394 cm −1 , is described as in-plane carbonyl wagging. However, the assigned carbonyl wag fundamental for the 2CHO-d 0 parent species is 485 cm −1 , implying an unrealistically large deuterium shift for this mode. The parent species has a ring-bending vibration with an assigned fundamental of 428 cm −1 [17] , suggesting that it is the same mode as the 394-cm −1 vibration in the deuterated molecule. We performed a DFT calculation identical to that reported in Ref. [17] , and the atomic force vectors obtained for ν 36 confirm that an appropriate mode description for both isotopomers is ring bending with a contribution from carbonyl wagging.
[37] See the supplementary material at http://dx.doi.org/XX/YY for computed equilibrium geometries and harmonic frequencies.
[38] The controversy about the mode description of ν 39 vs. ν 38 arose following the observation of a B-type band contour for the v 38 = 0 − 1 transition in the far-infrared spectrum of 2CHO [16] . This observation led the authors of the study to reject an earlier assignment [15] of ν 38 as inversion, reasoning that the oxygen atom would have to move perpendicularly to the molecular plane during inversion; such motion would give rise to an A-type, rather than Btype, contour in the infrared spectrum. Because ν 39 shows an A-type contour in the far-infrared spectrum, this mode was assigned as inversion [16] . Other research groups (including ours) adhered to this mode description for ν 39 in the course of subsequent investigations [17, 19, 20] .
However computational results reported here contradict the prevailing assumptions about the inversion mode. 
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[40] H. J. Werner and P. J. Knowles, J. Chem. Phys. 89, 5803 (1988). d Inferred from ground-state fundamental in the near-infrared spectrum of 2CHO vapor [16] . e The ground-state ν 38 fundamental is known from previous Raman [15] and far-infrared [16] b Listed wavenumber values correspond to band maxima. Uncertainty in a band maximum is ± 0.3 cm −1 . c Inferred from combinations (last column) involving other assignments herein.
d Ground-state fundamentals for ν 37 and ν 38 were determined in a previous Raman investigation of the deuterated species [17] ; however, that work was conducted with a liquid rather than vapor sample. For the present study of 2CHO-d 3 in the vapor phase, we infer ground-state fundamentals of 302.6 cm −1 and 232.9 cm −1 for ν 37 and ν 38 respectively, from combination differences involving other assigned bands in the CRD spectrum. a This mode involves the motion of the carbonyl group within the plane established by C-6, C-1, and C-2.
b Ref. [20] . c This work.
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